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Abstract. During ISEE 3's first pass through the distant geomagnetic tail, the slow shocks
encountered on February 2 and 11, 1983 provide particularly clear examples of the magnetic field
and plasma wave properties of the shock transition. The magnetic ramp contains transverse
polarized magnetic field oscillations with frequencies just below the ion cyclotron frequency and
amplitudes of 2 to 4 nT. These waves arc plausibly generated by the electromagnetic ion/ion
cyclotron instability y predicted by Winske and Omidi [ 1990]. The electric field plasma waves
within the shock ramp exhibit two spectral peaks. A mid-frequency emission occurs near the ion
plasma frequency and clectron cyclotron frequency, but well below the maximum Doppler shift
frequency for electrostatic waves, The mid-frequency waves extend into the upstream region
where the spectral peak occurs at a slightly higher frequency. A new high frequency emission with
frequencies between the maximum Doppler shift frequency and the electron plasma frequency
occurs throughout the down stream region. This emission disappears at the start of the magnetic
ramp, and is replaced upstream by electron plasma oscillations, The high frequency emissions are
clearly polarized parallel to the magnetic field. The polarization of the mid-frequency wavesisless
certain; both parallel and afairly broad angular distribution about the parallel electric fields arc
consistent with the measurements.

1. Introduction

The ISEE 3 passes through the distant geomagnetic tail provided the first identification of slow
shocks which hydromagnetic models of reconnection predict should stand in the upstream flow
and bound the plasma sheet [Feldmaner al., 1984, 1985]. As in fast mode shocks, plasma wave
turbulence occurs in both the upstream and downstream regions of the distant tail slow shocks
[Scarf et al.,1984). Within the slow shock’s magnetic ramp and extending into the upstream
flow, the electric field wave emissions exhibit a relatively narrowband peak near, but usualy
above, the ion plasma frequency which resembles the waves detected in fast shocks [Gurnett,



198 S]. Upstream, clectron plasma oscillations often occur in association with the heat flux carried
by shock-heated electrons escaping along the magnetic field lines. A search for lower hybrid
emissions, which are potential sources of anomalous resistance, failed to detectthe magnetic
component of these waves [Coroniti et a., 1988].

The previous studies of waves in the slow shocks emphasized the average spectral characteristics
of the emissions; neither the high time resolution structure of the slow shock electric or magnetic
field waves, nor the electric field polarization were investigated. In this paper we carry out these
heretofore neglected investigations. Section 2 discusses the average E-field spectral changes which
occurred during two 1SEE 3 slow shock encounters in February,1983. In Section 3 we present
high time resolution magnetic field and plasma wave mecasurements. Large amplitude nearly
transverse magnetic field perturbations occur within the. magnetic field shock ramp. “I’he mid-
frcquency, narrowband plasma waves are highly impulsive, and occur both in the upstream and
clown steam regions. Wc also identify a new high frequency wave mode which occurs in the
magnetic ramp, but disappearsin the upstream region. Section 4 discusses the electric field
polarization characteristics, and Section 5 offers some comments on these measurements.

2. Slow Shock Spectra

The two slow shocks occurred on February 2 and 11, 1983 when 1SEL: 3 was located in the distant
tail about 220 R}: downstream. The upstream and downstrcam plasma parameters for these shocks
arc given in Feldmanetal. [ 1985]and Schwartz et al. [ 1987]; both shocks had Alfven Mach
numbers and propagation angles to the upstream field that correspond to nearly switch-off slow
shock conditions. For the February 2 shock the upstream (clown stream) plasma density, electron
temperature, ftow speed, ant] magnetic ficld strength arc n7=().3 em™3 (Ir2 = 0.5 cm™3), 7o) =
3.3x 105 K (Te2 =8X 109 K), vyy=21 () km/s (vy2 =530 km/s), ant! Bj= 10.8 nT (B2=73
n']’). For the February 11 shock the corresponding parameter-s arc nj =- 0.27 cm=3(n2 = 0.750
em-3), Tej= 7 x 105 K (Ter=1.8X 100 K), vy7=90km/s (vx2 = 750 km/s), and 5= 19 nT
(B2=4nT). The downstream iontemperatures i nferred from pressure balance between the
upstream field strength and downstream plasma pressure is7i2= 0.6 keV (T2 = 1.25 kcV) for the
February 2 (11) shocks.

In the discussion below wc refer to the following characteristic wave frequencies; f¢c = 28 B(nT)Hz
is the electron cyclotron frequency; fpe=9 n1/2x11z is the electron plasma frequency; ancl Ipi=
210n1/2 1z is the ion plasma frequency for hydrogen. The lower hybrid frequency is typicaly
below the lowest electric field frequency channel (17.8 Hz) of the TRW/U. lows plasma wave



detector. The maximum Doppler shift frequency for a wave with wave number K is f1) = kAp)
(v/ve)pe Where v = vy is the flow speed, v = (Teyme) ! Fand Ap = vel/(21ifpe) is the Debye
length.

Slow Shock on February 2, 1983

Figure 1 displays nine selected peak (top curves) and 30-sccond average (bottom curves) electric
ficld amplitude spectra (volts/m-1 12172 for the February 2, 1983 slow shock. For reference the
magnetic field strength () and the x-component (8y) arc shown in the center; detailed field
profiles can be found in Coroniti et al.[1988]. The three bottom spectra were obtained between
1924:37 UT to 1935:00 UT when the spacecraft was in the region upstream of the shock. ‘I’he
narrow peaked emissions at 5.6 kllz arc electron plasma oscillations which are presumably excited
by shock-heated electrons that escape upstream. The plasma oscillations terminate at 1947 U'T
when the escaping electron heat flux abruptly decreased [Feldman et al., 198S] in the mid-
frequency range (50 -500 11z), the spectra exhibit a strong peak near 178-316 Hz; in contrast to
the broad power law spectra of broad band electrostatic noise (BEN) [Gurnett et al., 1976; Grabbe
and Eastman,1984] this micl-frequency emission has been termed narrowband electrostatic noise
(NEN) [Coroniti and Ashour-Abdalla,1989]. The NEN peak is above the upstream ion plasma
frequency (fp;= 115 Hz),and near, but below, the upstream electron cyclotron frequency (/¢ =
300 Hz). The upstream Doppler frequency is fj) = 460 kAp Hz. The upstream NEN also
continues to 1947 U-I’, and diminishes with the decrease in the electron heat flux.

The1922:27 UT spectrum was obtained midway through the magnetic shock ramp. The electron
plasma oscillations have disappeared, and a slight amplitude enhancement has developed between
1.78 and 5.6 kllz. In the 1920:50 UT spectrum taken at the bottom of the ramp, this dlight
enhancement has become a definite sccond peak in both the average and peak spectra, and this
high-frequency emission is clearly separated from the mid-frequency NEN peak by a break or dip
in the spectral slope. The maximum of the NEEN now occurs between 100 and 178 Hz, but is

clearly below the peak frequency of the upstream NEN. At 1920:50 the characteristic wave
frequenciesare fp; = 1 SO Hz, fe=140Hzand [ =730 kApHz.

The 1919:12 U'T" spectrum was obtained just before the start of the shock ramp, on the plateau in
magnetic field strength (8 =3 nT); the field strength is about equally divided between the By and
By components. Both the NEN and high frequency peaks have decreased, but are still clearly
discernible. At 1917:02 UT, the NEN spectral peak has disappeared, but the high frequency
emission is still present. Although the field strength remains ncar 3nT, By is nearly zero, and the



total field is carried by the By component. The vanishing of By corresponds to the downstream
state of (he switch-off shock. Finally, the1914:20 U'T" spectrum was obtained on the other side of
the By reversal (By < 0to Bx> 0), but sill on the magnetic platcau. The high frequency and
NIEN spectral peaks are at frequencies of 3.16kl1z and 178 | 1z, respectively, and the break in

spectral slope between the two emisions occurs at 1 kllz, which eguals the maximum Doppler shift
frequency for waves with kAp = 1.

Sow Shock on February 11, 1983

Figure 2 displays selected frequency spectra and the magnetic field (13 and By) for the slow shock
cncountered at 2025 to 2030 U'T on February 11, 1983, The 2031:05 Ul spectra exhibits the
upstream plasma oscillation peak at 5.6 k1lz and the NI:N peak near 178-316 Hz. The upstream
ionplasmafrequency was fpi = 1 10 1 Iz, whereas the clectron cyclotronfrequnecy was fc =540
Hz, which is well above the NEN peak. in the 2028:5U’T" spectrum measured at the start of the
magnetic ramp, the electron plasma oscillations have disappeared, and a weak peak has devel oped
between 1.7$ and 3.16kl1z. At the base of the magnetic ramp (2027:50 UT" spectrum) this high
frequency emission clearly extends from 1 kllz to at least 10 kllz. The maximum Doppler shift
frequency is 1.1 kAp kllz, and the downstream €electron plasma frequency is 7.8 ktlz; thus the
high frequency emission cannot simply be the result of Doppler up-shifting of low frequency
waves. The NEN amplitudes maximize between 10011z and 178 | 1z which is lower than the NEN
upstream peak frequency; the NEN freguencies are still below the local electron cyclotron
frequency (approximately 280 1iz) but are now comparable to the downstream ion plasma
frequency.

The mid- and high frequency components persist in the downstream flow and arc still discernable
(2022:57 UT spectrum) after the magnetic field strength decreases to 4.5 n'l' (2025 U“]’). The NEN
spectral peak remains near 1()()- 1781 1z, anct is now close to the local electron cyclotron frequency.
At 2022:25 U-I, both Bx and By arc nearly zero, and the field magnitude is carried by the Bz=-4
nT component. In the 2022:25 Ul spectrum, the NEN peak has disappeared and the high
frequency emission is barely (if at al) perceptible.

Discussion
Downstream of the leading edge decrease in the magnetic field, the wave spectra in both slow

shocks exhibit distinct mid- and high frequency peaks. A spectral break separates the two
emissions and the frequency of the break is close to the maximum Doppler shift frequency for



modes with kA= 1. The spectra of these two emissions strongly resemble the wave spectra
detected downstream of the low Mach number fast shocks on the flanks of the magnetosphere
[Coroniti et al., 1993]. In both the fast ancl slow shock spectra, the high frequency signals start
near fy)and extend up to thelocal electron plasma frequency; we show below that the high
frequency modes in the slow shocks are also polarized along the magnetic field.

in the weak flank bow shocks, the mid-frequency waves occurred at frequencies well above the
downstream electron cyclotron frequency, near or just above the ion plasma frequency, and well
below the maximum Doppler shift frequency; however, the downstream plasma and magnetic field
values did not vary greatly for the fast shocks studied by Coroniti et al [1993]. For the two
February 1983 slow shocks, the upstream NIN spectral peak was closc to the local electron
cyclotron frequency for one shock, but well below f¢ for the other; in both cases the peak was
above the upstream ion plasma frequency. Downstream the NEN peak occurs at a lower
frequency, and is close to both Jcand Jpi. Since fpj increases across the slow shock, the NEN
peak frequency dots not scale (in any obvious way) with density. The peak frequency could scale
with magnctic field strength; however, since the two slow shocks had quite different upstream field
strengths but the same NN spectral peak frequencics, the emission is apparentl y not controtled (at

least significantly) by the magnetic field strength. Curiously, in both slow shocks, the mid-
frequency emission disappears when By vanishes, even though the magnetic ficld strength
remained constant during the By sign reversal interval.

Finally, the peak NEN frequency is clearly anti-correlated with the maximum Doppler shift
frequency, which increases strongly from upstream to downstream in the slow shock. The anti-
correlation suggests that the mid-frequency signals are not significantly Doppler shifted. “I’ here are
(at least) two possible ways to avoid Doppler shifting. Firstly, if the wavelengths are so long that
JD <<f,the measured mode frequencies will be unaffected by the flow. For the downstream
NEN, fp << f requires kA< 1/10 - 1/20. Thesecond possibility is that the waves do not
couple to the bulk ion flow, but, for example, only to the electron species; the electron velocity
space. hole modes proposed by Coroniti and Ashour-Abdalla]1989]and very cold fastion beam
modes [Grabbe and Eastman,1984] have this property, but ion acoustic waves do not. The mid-
frequency waves detected in the magnetosheath, which spectrally resemble NEN, have measured
or inferred wavelengths of kA= 0.1- 1.0 |Rodriguez, 1979; Anderson et al., 1982; Gallagher,
1985], and arc usually assumed or inferred to be ion acoustic waves [Gallagher, 1985]. Whether
the magnetosheath emissions and NN are physically related is, however, undetermined.

3. High Time Resolved Slow Shock Structure



February 2, 1983 Slow Shock

Figures 3 a,b,c display the magnetic field at the highest time resolution of 1/6 second per vector
and the plasma wave E-Ficld amplitudes measured every 0.5 second for the ramp interval of the
Yebruary 2, 1983 slow shock. From 1918 to 191911'1’ (¥igure 3a) Bx and B, arc near zero, and
the 3to4n’]’ field strength is carried inthe By component; just before 1918 Bx changed sign (to
positive), so that the Bx near zero period after 1918 U'T would represent the downstream end of
the slow shock transition. ‘T'he mid-frequency wave signals are very weak, and the high frequency
intensities arc low but clearly present. At 1918:40 UT oscillations began in Bz. The mid-
frequency wave amplitudes abruptly increasedat1919UT just when the magnetic ficld strength
started to increase in the ramp. During the next minute, the bursts of mid-frequency emissions
became more frequent so that after 1920 Ul these signals are nearly continuous although
temporally impulsive. The high frequency waves exhibit a clear modulation of the amplitude at
twice the 1SEE 3 spin frequency (the spin period isabout3 s) which indicates that the waves are
highly polarized. The mid-frequency wave amplitudes also occasionally show ripple at twice the
spin frequency (e.g. near 1921 UT).

After 1919 UT, the By and B2 components developed quite regular oscillations with peak-tc~-peak
amplitudes of 1 to 2 n'I". Although somewhat similar and less regular, oscillations also occur in Bx
and the field strength. The field oscillations have periods between § to 1?. seconds which, in the 5
to 8 n’l" field, arc comparable to the ion gyroperiod. Thus these magnetic oscillations might be the
ion cyclotron waves which Winske and Omidi [ 1990] and Omidi and Winske [1992] observed in
hybrid simulations of slow shocks. Inthe simulations escaping downstream ions interact in the
upstream region with the cold incoming ions via the clectromagnetic ion/ion cyclotron instability.
The excited waves can be convected into the downstream regionand even disrupt the shock
structure, making the shock unsteady.

Figure 3b presents the high resolution measurements from the middle to top of the slow shock’s
magnetic ramp. At low frequencies the 56 Hz k:-ficld amplitudes gradually diminish toward the
upstream direction. “I’he mid-frequency emissions maintain the same signal strength and temporal
character throughout the ramp; note that the electron cyclotron frequency passes from below (at
1922 U'T’) to above (at 1926 U’l’) the 31611z channel without significantly affecting these
emissions. The high frequency wave amplitudes slowly decrease, and the 1.78 kHz and 3.16 kHz
channels approach background after 1925 U'l. The spin ripple in these channels abruptly stops at
1924:40 UT. The emissions in the 5.62 kl1z channel change character between 1923 and 1925



UT, becoming temporally more impulsive. After1924:40UT, the wave spectra show that the
5.62 k] 1z signals arc narrowband electron plasma oscillations. Feldmanetal.[ 1985] show that the
electron density and temperature jumps occur about 1923 to 1924 UT" which corresponds to the
cessation of the high-frequency emissions and the onset of electron plasma oscillations at 5.62
kl1z. The magnetic oscillations in all components continued during the shock ramp until 192A U'.
The peak-to-peak fluctuation amplitude is about 4nT in By and 58z, about 2n't in Bx and 1.5 n-I’
in B. (Note the different scales in Yigure 3b and the change in scale from Figure 3a) After 1924
U'T the oscillation amplitude in £x became quite small.

The measurements from the immediate upstream region are displayed in Figure 3c. Magnetic
fluctuations continue with reduced, < 10T, amplitudes. At1929:40 UT By develops a new and
more regular oscillaton with a period of about 1() seconds; the local ion cyclotron period is about 6
seconds. The Bx and 58z components exhibit very little variation at this time; thus, the magnetic
wave is nearly linearly polarized, which is consistent with the Winske and Omidi [1990] prediction
for the electromagnetic ion/ion cyclotron instability. A few minutes after 1930 U, (see Figure 1
of Coroniti et al.[1988]) By anti Bzdo develop coherentand nearly equal amplitude oscillations
which arc probably the ion-d rive.n right-hand magnctosonic waves discovered by T'surutani et al.
[1985].

In the electric field measurements, both the mi(i-frequency and electron plasma oscillations persist
upstream. At low frequencies, impulsive emissions at 56 11z and 1001 1z commence at 192.8 U'I’.
Interestingly, just after the first cycle of the strong By oscillations, the plasma emitted a strong
broadband (56 Hz to 5.6 kllz)burst of electrostatic noise.. Winske and Omidi [ 1990] have
speculated that electromagnetic ion/ion cyclotron unstable waves might nonlinearly trap ions and
thus create frec energy which could excite higher frequency electrostatic waves.

Februray 11, 1983 Sow Shock

Figures 4 a,b display the high resolution magnetic ficld and E-field measurements from 2022 to
2030 UT for the February 11, 1983 slow shock crossing. I'he Bx component passes through zero
at 2022:35 and remains closc to zero until 2022:42 UT. At 2022:35UT 1Bz | and the field strength
sharply increases form 1nTto 5 nl. At 2023 UT 1Bx | increases as Bl diminishes so that the field
magnitude remains relatively constant at a plateau value of 4nT from 2023 to 2024:30 Ul
Although the magnetic field fluctuates during this interval, the oscillations do not have a clear
wave-like character. Before 2023:09 U'l', the E-field amplitudes are low and fairly constant in all
frequency channels. At 2023:09 U’]”, when the I8 | (15, 1) increase (decrease) is completed, the



mid-frequenc y amplitudes suddenly exhibit a sharp spike, and then gradually increase in amplitude
and temporal variability.

Just after 2024 U, 1By | anti the magnetic ficld strength increase to asecond plateau value of about
10 n'T. The field magnitude and componcen ts now exhibit wave-like oscillations with periods of 10

to 15 seconds and peak-to-peak amplitudes of about 4 n’]’ in the components and 1.5 nT in the
magnitude. The local ion cyclotron frequency is 6seconds, so that the wave properlies are
consistent with being ion cyclotron waves. During the sccond magnetic plateau interval, the k-
ficld emissions increased in intensityand temporal variability. The high frequency signals are
often modulated at twice the satellite spin frequency; near 2025:50 U'T', the 56 to 178 Hz channels
also exhibit spin modulation.

At 2028 UT the magnetic field starts the final ramp to the upstream value. The magnetic
oscillations diminish in amplitude, and disappear just after 2030 UT" (not shown). During the ramp
the high frequency plasma waves decrease in amplitude, and the emission drops below 10 kHz
after 2028:40 U'T. At this time the electron plasma frequency is about 5.6 kHz; however the high
frequency signals remain broadband and there isno evidence of electron plasma oscillations. The
amplitudes of the mitt-frcgmncy waves also decrease toward the upstream region.

Discussion

The downstream regions of both slow shocks have very similar magnetic field and plasma wave
activity. In the leading edge of the ramp the clectron plasma oscillations that appear upstream
abruptly cease, and are replaced by a broadband high frequency emission which is spin modul ated.
The mid-frequency waves are strong throughout the ramp but weaken significantly and/or
disappear when By goes to zero downstream. Strong magnetic oscillations with frequencies below

the ion cyclotron frequency occur throughout the ramp, but disappear upstream.

The dow shock simulations of Winske and Omidi[1990]and Omidi and Winske [ 1992] have
many features which closely resemble the magnetic profiles and oscillations observed in the
February 2 and 11, 1983 slow shocks. in the simulations the overall shock scale length, defined
as the separation between the initial decrease in magnetic field strength to the downstream
vanishing of the tangential ficld component, isroughly 50¢/@pibasedontheupstreamdensity.
For the tail slow shocks 50 ¢/@pj corresponds to 3 RE. Both shocks took approximately eight
minutes to go from upstream to downstreanm; if the shock thickness is 3R}, this traversal time
would imply a shock speed of 40 km/s. A plasma sheet thickness of 3 RE and speed of 40 km/s



arc reasonable in the distant taill {Richardsonand Cowley, 1985; Richardson et al., 1989].
Furthermore, the slow shocks in the tail should have significantly larger propagation angles relative
to the upstream field (0 =80C to 8§59) than the slow shocks studicdin the simulations (6 = 600).
Since the shock heated ions would be better confined by the higher field inclination angles, the
scale length of the tail slow shocks could be considerably smaller than in the simulation shocks.

The magnetic oscillations observed in the tail slow shocks are similar to the Alfven waves excited
by the electromagnetic ion/ion instability in the simulation shocks. In both cases, the magnetic
waves begin at the leading edge of the magnetic ramp and continue throughout the shock transition.
The wave amplitudes in the tail shocks relative to the upstream field strength arc of order 6By/I] =
0.1 to 0.2 whereas in the simulations the amplitudes are somewhat higher 68y/B1=0.210 0.5.
in the nonlinear evolution of the electromagneticion/ion instability y [ Winske and Omidi, 1992], the
ion fluctuation velocity in the wave field (roughly évy proportionalto 88y) is eventually converted
into random thermal motion by nonlinear wave breaking and phase space mixing. Hence the lower
wave amplitudes observed in the tail slow shocks may imply that the wave instability may not be as
effective in heating the upstreamions to the required downstream Rankine-Hugoniot temperature
as in the simulation shocks.

4. Wave Tilectric eld Polarization

For both the February 2 and 11 slow shocks the magnetic field directionand magnitude changed
sufficiently slowly that meaningful electric field polarization measurements can be made. The
ISEE 3 antenna is in the spin plane (the x-y plane), and six li-ficld measurements are obtained in
one spin period. For most of the slow shock encounters, the magnetic field was predominantly in
the x-y plane, so that the rotating antenna sampled both the parallel and perpendicular components
of the wave electric fields. In the polarization plots displayed in Figures 5-8, the projection of the
magnetic field on the spin plane is shown by the solid line labeled B. The radial distnce from the
origin is proportional to the logarithm of the electric field spectra amplitude (actualy the voltage in
the automatic gain control, AGC, amplifier) and the radial scale covers five decades. Each
polarization plot contains two minutes or 240 measuremnts of the electric field. The direction Of
the sun (positive x) is toward the left ancl dusk (positive y) is toward the bottom.

High Frequency Emission



Figure 5 displays four successive polarization measurements for the 3.16 kt1z 11-field channel for
theinterval 1914 UT to 1922 UT during the February 2, 1983 slow shock traversal; during this
period the high frequency emission is centered at3.16klIlz. Between 1914 UT to 1918 UT, the
spacecraft was located on the opposite side of the. neutral sheet or By reversal from the slow shock.
The peak spectral amplitudes clearly occur when the antenna is oriented more nearly parallel to the
magnetic ficld; the ratio of the maximum parallel m perpendicular amplitudes is about 10. Between
1916 Ul and 1918 UT, the satellite was very close to the center of the plasma sheet, and the
magnetic field and E-field polarization were predominantly in the y direction. From 1918 UT to
1922 U'T the magnetic ficld rotated from being along y to its dominant direction in the shock ramp
along x, and the peak ¥:- ficld amplitudes followed the magnetic ficld direction change. The bottom
two panelsin Figure 6 display the 3.16 kl1z polarization measurements for the February 11, 1983
slow shock; once again, the peak amplitudes occur preferentially along the ficld and follow the
changing field direction.

The high frequency emission is clearly polarized parallel to the magnetic field. Recall that this
field-aligned polarization was apparent in the previous high time resolution plots as a modulation of
the channel amplitudes at twice the spin frequency. IntheISEE 3 measurements of the low Mach
number fast bow shock in the distant flank region, the high frequency emissions detected in the
downstream region, which arc spectrally similar to those in the slow shock, were also polarized
parallel tothe magnetic field. Thus the fast and slow shock high frequency modes may have. a
common origin.

Mid-frequency Emission

Figure 6 presents four polarization measurement of the mid-frequency emissions obtained during
the February 2, 1983 slow shock. The top (bottom) two panels show the 178 (316) 11z amplitudes
which are the peak amplitude channels during the measurement interval. At 1914 U'T the highest
amplitudes clearly occurred when the antenna was oriented parallel to the magnetic field. From
1920 U'T through 1930 U’]’, which corresponds to the shock ramp and near upstream region, the
magnetic field is oriented nearly along the x-direction. The E-field amplitudes do not exhibit a
visually apparent polarization direction, although the largest amplitudes do occur when the antenna.
is more nearly parallel to the magnetic field. InF¥igure 7 the top panels display the 178 Hz
polarization measurements for the Yebruary 11,1983 slow shock. The downstream (2022 U'T)
mid-frequency emissions are polarized along the field whereas the signals from the plateau in the
shock ramp (2026 U7T)do not have an apparent polarization; the polarization measurements in the
steep shock ramp (not shown) are almost identical to those at 2026 U'T.
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The clear detection of a wave polarization using channel amplitudes, however, can be obscured if
the signal strength has very large and rapidly fluctuating changes. ‘The mid-frequency emissions
arc highly impulsive with peak-to-valley amplitude changes of 10°to 10°in a few mecasurement
cycles. Suppose that the nlicl-frequency waves are actually polarized with the electric field exactly
along the magnetic field. If avery high peak amplitude occurs when the antenna is nearly
perpendicular to the magnetic field, its projection onto the antenna direction can still result in an
electric ficld amplitude mecasurement which significantly exceedsthe average value. If the next
impulsive emission has a lower amplitude, butthe antenna is now oriented along the magnetic
field, the perpendicular and paralel emissions can appear to have the same amplitude, and the
signal will appear- to bc unpolarized. Since the above polarization diagrams display the logarithm
of theamplitude, (he polarization of the impulsive signals is even more difficult to visually discern.

Figure 8 displays the polarization measurements of the mid-frequency emissions (1 78 and 316
Hz), the high frequency emission (3.16 kllz), and electron plasma oscillations (5.6 kliz) at the
start of the shock ramp (1920 U*]’) and the near upstream region (1922 UT) for the. February 2,
1983 slow shock. Superposed on the amplitude measurements, we have drawn two curves. The
inner circle corresponds to the average electric field amplitude for the two minute interval over
which the 240 sample measurements were obtained. The outer curve was constructed by first
taking the largest E-field amplitude 7 (¢)) (or voltage V() measured during the two minute
interval at angle ¢y, between the antenna and magnetic field. Wethen project it back to the magnetic
ficld direction as Ep(¢y, =- 0= fa‘p(c,‘/)/))/cos(q)p) (Vp(t,?‘)p =0) = Vp(gbp) 4 (1/b)In( 1/cos(¢p))) where b
is a calibration constant. The outer curve is then given by the function V(¢)=Vp(¢=0) -
(1/b) In(1/cos(). If the wave emission is polarized parallel to the magnetic field, there should be
no li-field (voltage) values outside of the curve V(¢) at any ¢.

First consider the 3.16 kl1z polarization diagram at 1920 Ul in Figure § (which is aso displayed
in Figure 5). The region between the peak V(¢)andaverage curves is fairly uniformly populated
even though, from Figure 5, the high frequency emission is clearly polarized along the magnetic
ficld. Although there are many measurements with ¢ near 900, only one value lies just slightly
outside the V(¢) curve. If the wave electric ficlds were not strongly aligned with the magnetic
field, wc should observe some signals near ¢ = 900 with amplitudes exceeding V(¢). Next
consider the 5.6kt1z electron plasma oscillations at 1928 UT. It is commonly thought that plasm
oscillations are parallelpolarized since the most likely excitation sources are field-aligned electron
beams. The 5.62 kl1z polarization diagram, however, clocsnot give astrong visual impression
that these waves are parallel polarized. The plasmaoscillationsare highly impulsive signals with
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large peak-to-val]ey ratios, thus making a polarization determination difficult. The only indication
that the plasma oscillations are parallel polarized is the absence of large amplitude signals outside
the V(¢) curve near ¢ = 90°.

Finally consider the mi(i-frequency polarization diagrams. Visualy these diagrams are not
significantly different than the 5.62 k117 plasma oscillation case; there is a definite absence of high
amplitude signals near 90°. “1’bus, although the polarization diagrams do not prove that the mid-
frequency waves arc polarized along the magnetic field, the polarization measurements arc
consistent with parallel polarization given the highly impulsive nature of the emissions.

5. Discussion

The slow shocks in the distant geomagnetic tail exhibit a coherent internal structure in both their
magnetic field oscillations and plasma wave properties. Within the shock ramp, the magnetic
waves have frequencies which are comparable (0.5 to 1 .0) to the local ion cyclotron frequency and
fluctuation amplitudes é13/£3 1 approximately ().1 to 0.2 relative to the upstream ficld strength. The
fluctuation amplitude in the transverse ficld components is typically a factor two larger than in the
ficld magnitude, The observed wave properties are generally consistent with the simulation
predictions that electromagnetic ion/ion cyclotron modes arc excited by the beam-interaction
between the upstream cold ions and the shock-heated, escaping downstream ions [ Winske and
Omidi, 1990; Omidi and Winske, 1992]. The observed wave amplitudes, however, arc somewhat
smaller than in the smulations.

The magnetic ramps in simulation slow shocks arc typically of order 50 ¢/, which corresponds
to roughly 3Ry in the distant tail. A single satellite, of course, cannot resolve space-time
ambiguities, so we cannot determine the observed shock thickness. However, we can make the
following estimate of the thickness based on the observed magnetic wave amplitudes. If we view

the shock interaction in the delloffman-Teller frame, the upstream ions flow along the magnetic
field with velocity v// =CAj, the upstream Alfven speed, assuming oblique switch-off shock

conditions. Since the electric field vanishes in the delloffman-Teller frame, the upstream ions have
all the kinetic energy necded to produce the downstream temperature 72 = (y-1)miCA 1212y where Y

is the adiabatic index. As the upstream ions enter the shock ramp anti excite the ion cyclotron

waves, they will be scattered essentially in pitch-angle to form the downstream heated
distributions. For an approximate pitch-angle diffusion coefficient D gy = Qi(BIB)Y (Kennel and

Petschek, 1966], we can write a phenomenological heating equation for the ions.
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VNIT1s) = Doy [(y-1miCA12 12y~ T)

where s is the distance along a field-line. Very roughly an upstream ion must travel a parallel
distance As = CA 11D o = ¢/@pi(BISB)2 - 25. 100 ¢/®pi. Yor switch-off shocks the shock
thickness, A, is roughly A =(B2/B])As=1/4As=8 - 25 ¢/Wpi= ().5 - 1.5 Ry for the two
February shocks. Given the very approximate nature of this estimate, the thicknesses of the tail

slow shocks arc probably somewhat smaller, but still comparable to the ramp thicknesses in the
slow shock simulations.

The plasma waves consist of distinct micl-frequency and high frequency emissions. Within the
shock ramp, the high frequency mode occurs between the maximum Doppler shift fequency and
the local electron plasma frequency, has a quite low amplitude, and isstrongly polarized with the
electric field parallel to the magnetic field. At the top of the shock ramp, the broadband high
frequency mode disappears, and is replaced by higher amplitude, impulsive narrowband electron
plasma oscillations. "The mici-frequency waves have a clear, fairly narrowband, spectral peak,
which persists from upstream of the ramp through the shock transition. For one slow shock the
peak frequency at the upstream edge was close to the electron cyclotron frequency but above the
ion plasma frequency; for the other shock the peak frequency was unchanged even though the ficld
strength was two times higher. The frequency of the spectral peak decreases through the ramp,
and becomes comparable to both the clown stream clectron cyclotron and ion plasma frequencies.
Thus the peak frequency does not appear to have any obvious relation to either the magnetic field
strength (f¢) or the plasma density (fp;). in addition, the pcak frequency is anti-correlated with the
maximum Doppler shift frequency, which increases from upstre amto downstream. The mid -
frequency emissions are highly impulsive. which renders difficulta clear determination of their
electric field polarization. The only firm conclusion that we can draw is that the waves are not
strongly polarized perpendicular to the ficeld direction. The polarization distribution could be
consistent with parallel polarization, but could aso be compatible with a broad angular spread
about the fie.let direction.

The high frequency emission has not previously been identified as a distinct spectral component in
either the broadband electrostatic noise in the near Larth plasma sheet[Gurnett et al.,1976] or the
plasma sheet and slow shock waves in the distanttail [{Scarf et al., 1984; Coroniti et al., 1990].
However, these emissions have essentially identical spectral anti polarization propertics to a weak
high frequency wave which occurs downstreamof the low Mach number flank bow shocks
[Coroniti et al., 1993]. Although unaware of the high frequency emission being a distinct mode,
Onsager et al. [ 1989] have suggested that waves betweentheion and electron plasma frequencies
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could be excited by very cold electron beams with speeds near or below the electron thermal speed.
Alternatively Coroniti et al. [1993] proposed that discontinuities in the electron distribution
function integrated over perpendicular velocities could support a non-standard, but beam-like wave
mode which can be unstable if the distribution function increases across the discontinuity.

The strong similarity between the fast and slow shock high frequency emissions certainly suggests
that their excitation mechanisms are similar. Furthermore, the slow shock wave observations lend
support to these emissions being of electron origin. "The emissions persist and follow the local
magnetic field directionthroug h the downstream region. Since theionl.armor radius in the
downstream field is large (of order 108 cm), the ion distribution should be isotropic and not
sensitive to the local field direction, Thus, theions are unlikely to contain the free energy which
produces paralel polarized waves, whereas the electrons will remain magnetized, and a potential
free encrgy source,

Asfor fast shocks, the electrostatic potential increases across slow shocks [Schwartz et al., 1987].
Thus in slow shocks the upstream electrons are acceleratedalong the field by both the potential
electric field and magnetic gradient force, which in the downstream distribution creates a velocity
space separatrix between the trapped downstream electrons and the accelerated upstream electrons
Feldmaneral. [ 1985] showed cuts of the downstream electron distribution function along zero
perpendicular velocity which contained evidence for the separatrix, and perhaps a void at low
parallel speeds. Since the distribution function is unlikely to always match smoothly at the
separatrix, the non-standard, beam-like modes suggested by Coroniti etal. [ 19931 could exist in
the downstream region of slow shocks and account for the. observed high frequency missions.

The origin of the mici-frequency emissions remains unclear. Since these modes are observed both
in the upstream and ramp regions of the slow shock, the hole mode explanation of Coroniti and
Ashour-Abdalla [ 1989] is probably not comet; in their mode! the hole at low electron energies
occurred only upstream of the potential jump. The downstream electron distribution reported by
Feldman er al. [ 1985] apparently has a hole at low energies; however, the distribution should be
symmetric in parallel velocity so that no non-standard hole-type mode would occur. The mid-
frequency waves fall in the frequency range of the broadband electrostatic noise found in the near
Earth plasma sheet [Gurnetreral., 1976], anti thus could be generated by free energy in the ion
distribution, but whether or not parallel coldion beams|Grabbe and Eastman, 1984], perpendicular
cold ion rings [Huba et al., 1992], or hot in beams [Schriver and Ashour-Abdalla,1987] exist in
slow shocks cannot be determined with the ISEE 3 plasma instrument complement. lowever, the
essential difficulty with all these instabilitiesis that, in order to obtain a solution to the dispersion
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relation, the thermal speed of all ion components must be much less than the ion acoustic speed
based on the electron temperature. Since 7', is amost always comparable to or less than 77 in the

magnetosphere and magnetotail, the cold ion temperature constraint is very difficult to satisfy.

Recently Onsager etal.[1993] presented | SEE 1 and 2 observations of the plasma distributions
and wave emissions in the near Earth plasma sheet boundary layer. They found, as did Parks et al.
[1984], that the boundary layer has an outer region in which the. electron distribution has enhanced
fluxes and velocity space fine structurc at energics above the thermal energy butthe ion fluxes
rcmained below the plasma instrument threshold, as in the lobes, and exhibited no evidence for
field-aligned ion beams. The electron boundary layer contained intense wave emissions with a
falling power spectrum from below the ion plasma frequency up to the electron plasma frequency;
a deep spectral minimum occurred at the electron cyclotron frequency and a strong peak was
positioned near the electron plasma frequency. When the spacecraft enctered the ion boundary
layer, the wave spectrum became arelatively featureless falling power law from low to high
frequencies. Onsager etal.[1993] argue that boundary layer electrons alone can generate a
broadband plasma wave spectrum at mid-frequencies without the necessity of involving ion beams;
ion beams may only contribute to the low frequency portion of the spectrums.

The details of the electron region spectrum shown by Otis{/ger eral.[ 1993] differ from both the
upstream and shock layer spectra for the February slow shocks; instead of the slow shock’s clear
mid-frequency spectral peak, the electron boundary layer emissions have only flattening of the
spectrum. Never the less, Onsager et alsinference that broadband emissions can be generated
by electrons alone may bc relevant to the slow shock waves. We argued above that the high
frequency waves arc probably excited by electrons, perhaps by discontinuities in the downstream
distribution functon induced by the slow shock potential. Since the mid- ficquency spectral peak is
anti-correlated with the maximum Doppler shift frequency, these emissions either have long
wavelengths (kA < 1/1 O - 1/20) to avoid Doppler shifting, or arc not coupled to the flowning ion
distribution, i.e., their dielectric function depends only on the electron distribution which implies a
high phase speeed. The phase speed can be expressed as

wkae = (f/f/)e)(?'l/zkll))'l
If we take kAp» = 0.1 to avoid Doppler shifting by the high downstream flow, the mid-frequency

spectral peak would have phase speeds in the range w/kae = 0.1-0.2, which is only 1.5 to 3.0
times greater than the downstream ion thermal speed, ‘1'bus, unless kAp) <<0.1, the mid-
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frequency modeswould appear to have phase velocities which coupleto the ions, and render the
absence of Doppler shifting even more myste rious.
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| igure Captions
Figure 1. Selected elcctric field spectral amplitudes (Volts/m-| 121/2) from 17.81 Iz to 100 ki Iz for
the Ycbruary 2, 1983 slow shock. Thelower (upper) curves in each spectrum is the 30 second
average (peak in 30 secondinterval) spectral amplitude in cach frequency channel. The mid-
frequency and high frequency emissions have clearl y separated peaks in the 1920:50 U'T" spectrum.

Figure 2. Selected electric field spectral amplitudes for (he Tebruary 11, 1983 slow shock.

Figures 3 a,b,c. High time resolution measurements for the February 2, 1983 slow shock. The
top four panels display the vector components and magnitude of the magnetic field at 6
vectors/second resolution. Note the change in scale from Figure 3a to 3b and ¢. The bottom
panels display the wave electric field measurements for the 56 11z to 10 kllz channels; the scale is
logarithmic ant] the 10-7 V/m-1z1/2 and 1()-4 V/m-} 12'Flevels arc indicated.

Figures 4a,b. High time resolution measurements for the February 11, 1983 slow shock in the
same format as Figure 3. Note the change in scale onthe magnetic ficld magnitude panel from
Fgurc 4 ato b.

Figure 5. The electric field polarization of the high frequency (3.16 kllz)emission during the
February 2, 1983 slow shock. |'hc radialscale is proportionalto the logarithm (base 10) of the
electric field spectral amplitude with arange of five decades. Thesunistoward the left and dusk is
toward the bottom of each diagram. Iuach polarization diagram contains two minutes of 240
electric field measurements. ThelSEL 3 single-axis antenna is in the ecliptic plane and rotates
about the ecliptic pole once every 3 seconds. The line labeled B is the ecliptic projection of the
magnetic field; the magnetic ficld vector was essentially in the ecliptic plane throughout this
interval.

Figure 6. The electric field polarization of the mid-frequency emissions for the February 2, 1983
slow shock. The format is the same asin Figure 5.

Figure 7. ‘I’he electric field polarization of the mid-frequency (top) and high-frequency (bottom)
emissions for the February 11, 1983 slow shock.

Figure 8. The electric field polarization of the mid-frequency (178 1z and 316 11z), high

frequency (3. 16 ktlz), and electron plasma oscillations (5.62 kHz) in the I-amp (1920 U'T) and
upstream ( 928 UT) regions of the February 2, 1983 slow shock. The inner circle represents the
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average electric field spectral amplitude in the indicated frequency channel for the two minute
interval. The outer curve assumes that the largest electric field amplitude measured during the two
minute interval was produced by a parallel polarized signal, and represents the projection of that
amplitude about the magnetic field direction in a dipole pattern. |f the emissions arc actualy
parallel polarized, no signals should occur outside. this dipole projection curve.
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